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ABSTRACT:  Lack  of  Information  on  the  fundamental  thermodynamic  properties 
of  polysmthyl  methacrylate  and  methyl  methacrylate  has  pronpted  a  study  of 
the  available  thermodynamic  parameters  of  these  materials.  From  published 
data  the  entropy,  entheJ.py,  emd  Gibbs  free  energy  values  of  polymethyl 
methacrylate  have  been  calculated  over  the  teoperature  range  0*  to  260 *K. 
The  thermodynamic  function,  Cp/^  vs.  T,  has  been  calculated  and  exhibits 
a  maximum  value  between  ^0*  and  100*K.  An  approximation  is  made  of  the 
number  of  vibrating  units  per  repeating  unit  of  polymethyl  methacrylate 
at  260*K.  The  difference  Cp  -Cy  Is  calculated  at  260*K  and  found  to  be 
0.014  cclL/^^^  It  Is  recomimnded  that  addltloxmU.  low  temperature 

specific  neax'mMSurements  be  made  on  polymers  and  monomers. 
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THE3U40rmMIC  HtOFERTIES  CF  POLYMETHYL  MBTH/ICRYLATE  AND  METHYL 
NETHACRYIATE 


This  report  contains  the  results  of  an  analysis  of  the  thennodynamic 
properties  of  polymethyl  methacrylate  and  methyl  methacrylate.  The 
calculated  values  of  the  thermodynamic  functions,  entropy,  entbsdpy 
and  Gibbs  free  energy,  are  the  first  published  values  of  these  functions. 
Data  of  the  type  considered  in  this  report  are  fundamental  properties  of 
the  materials  considered  and  are  a  contribution  toward  a  basic  under¬ 
standing  of  these  materials.  This  investigation  was  derived  from  work 
done  under  project  NlO-a-l-56  as  peurt  of  a  general  polymer  Investigation. 
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IHTROIXJCnOW 

1.  A  fundaaental  approach  toward  an  understanding  of  the  structure 
and  Internal  notions  of  a  polymer  Is  to  Investigate  the  tenperature 
dependence  and  magnitude  of  the  specific  heat,  Cp,  and  of  the  related 
tbemodynanlc  functions  over  a  tenperature  range  extending  down  to 
absolute  zero.  Changes  In  Cp  and  In  the  related  functions  entropy, 
enthalpy,  and  free  energy  are  indicative  of  changes  In  the  structure 
and  internal  notions  of  a  polymer  due  to  crystallization,  glass 
transitions,  and  melting.  In  addition,  Cp  measurements  at  low  tempera¬ 
tures  are  useful  in  testing  the  vcdldlty  of  the  various  theoretical 
equations  for  the  heat  capacity  of  linear  polymers,  such  as  those 
advanced  by  Tarassov  (ref.  (a)}  and  by  Stocknayer  and  Hecht  (ref.  (b)). 

2.  Additional  theimodynamic  data  on  bulk  polymers  are  needed  to 
elucidate  the  nature  of  the  glassy  and  crystalline  states  and  to 
explain  the  magnitude  of  the  energy  changes  ^Ich  occur  when  polymers 
are  heated  or  cooled,  crystallized  or  melted.  This  report,  which 

is  the  fourth  in  a  series  (refs,  (c),  (d),  (e)),  presents  the  calculated 
values  of  the  entr<^,  enthalpy,  and  Gibbs  free  energy  for  polymethyl 
methacrylate  (FIMA)  over  the  teaperature  range  0*  to  260*K.  These 
calculations  are  based  upon  published  specific  heat  data  (refs,  (f)  and 
(s))>  over  the  range  l6*  to  260*K.  Also  presented  are  the  values  of 
the  entropy,  enthalpy,  and  Gibbs  free  energy  for  methyl  methacrylate 
monomer  (IMA)  over  the  teiqperature  range  0*  to  210*K.  The  thermodynamic 
function  Cp/m  vs.  T,  the  difference  CP  -  Oy,  and  the  number  of  classically 
vibrating  units  per  repeating  unit  of  FMMA  are  also  calculated  and 
discussed. 


THE  SPECIFIC  HEAT  OF  POLTMETHYL  METHACRYLATE 

3*  Specific  heat  of  polymethyl  methacrylate  is  of  particular 
interest  because  of  the  presence  of  pendent  -CHx  and  -CO-OCH^  groups 
along  the  main  chain.  It  would  be  ejqpected  thaz  the  ester  methyl 
grovp  In  FIMA  is  more  capable  of  different  tyjws  of  motion  than  is 
the  phenyl  group  in  polystyrene  (PS)  and  that  the  main  chain  methyl 
group  In  RMA  will  also  contribute  to  the  specific  heat.  Thus,  while 
the  molecular  weight  per  repeating  units  of  FIMA  and  FS  are  very 
similar  it  would  be  expected  that  the  differences  In  the  vibrational 
spectrum  produced  by  the  various  pendent  groips  would  be  reflected 
by  differences  in  the  tenperature  dependence  of  the  specific  heats. 

4.  Specific  heat  of  polymethyl  methaciylate  has  been  determined 
by  Sochava  (ref.  (g))  between  16*  and  60*K  and  by  Sochava  and 
Trapeznlkova  (ref.  (f)),  between  60*  and  260*K.  Sochava  and  Trapesnlkova 
(ref.  (f))  have  also  determined  the  specific  heat  of  methyl  meth¬ 
acrylate  between  60*  and  210*K,  and  Erdos,  Jager  and  Foxtehly  (ref. 

(h))  have  determined  its  specific  heat  between  293*  and  323*E.  The 
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ejqperlMntal  ralues  are  given  In  Talilee  1  end  2  and  are  preaented 
graphically  In  Figure  1. 

5«  Specific  heat  of  polyaethyl  aetbaerylate  between  0*  and  16*K 
waa  obtained  by  extrapolating  to  abaolute  sero  a  plot  of  Cp/-  va* 
of  the  experiaantal  data  between  16*  and  y>*K,.  ^^iflc  beat  of 
■ethyl  ■athacrylate  between  0*  and  60*  waa  eatlaated  by  Mana  of  a 
Debye  function  (ref.  (i))  with  eic^t  degreea  of  freedoa  and  9p  of 
151*K. 


6.  A  plot  of  the  obaerved  low  teaperature  Cp  of  FIMA  and  PS  ia 
ahown  in  Figure  2.  It  will  be  noted  that  the  Qp  of  RMA  increaaea  in 
a  linear  aanner  between  16*  and  60*K  idille  the  Cp  of  PS  esdilbita  a 
non-linear  teMperaturs  dependence.  At  low  toperatuiea  aaorphoua 
linear  polyaera  avidi  aa  PIMA  and  PS  ahoxald  e^dilbit  a  linear  Increaae 
in  Cp  providing  that  no  Interaetiona  occur  between  polyaer  chaina 
and  that  the  obaerved  Cp  ia  due  to  aiaple  tranaverae  vibrationa.  It 
thua  appeara  that  at  low  teaperaturea  PS  haa  an  additional  Cp  a«per- 
ijpoaed  upon  a  linear  Qp.  nrapeznikova  and  Feofanova  (ref.  (j)) 
have  concluded  that  thla  additional  Cp  la  due  to  the  rotation  of 
the  phenyl  group  in  PS. 

7«  While  the  epeciflc  heat  data  do  appear  to  indicate  that  aore 
than  aiaple  vibrationa  of  the  aaln  chain  PS  are  taking  plaee^  theae 
data  do  not  indicate  Juat  idiat  grotpa  or  ^pea  of  vibrationa  are 
involved.  In  the  caae  of  polymthyl  ■ethaczylate  Sinnott  (ref.  (k)) 
haa  concluded  that  the  eater  and  nain  chain  aethyl  groupa  progreaaively 
exhibit  Increaaed  notion  with  increaaing  teaperature.  Notion  of  theae 
grovpa  would  contribute  to  the  epeciflc  beat.  Sochava  (ref.  (g))  haa 
recently  pointed  out  that  the  hl^^r  apeclfic  heat  of  polyaat^l 
■etbacrylate  at  tenperaturea  above  when  coapared  with  polyatyrenof 

la  due  to  the  toraional  vibrationa  of  the  nethyl  groupa. 

8.  Warfield  and  Petree  (ref.  (l))  have  recently  ahown  that  the 
aK>del  of  Stocknayer  and  Hecht  (ref.  (b))  uaing  the  analytical  procedure 
deve]|£oped  by  Starkweather  (ref.  (■))  can  be  applied  to  polyaethyl 
aath^rylate  and  to  polya^oane  and  that  a  nvmiber  of  paraaetera 
Indicative  of  the  atruetxire  of  the  polyaer  can  be  calculated  froa  Cp 
datk. 

mTRGPT,  EinBAIFr  AlTD  OIBBS  IBB  BEFKnr  CALCOLAnQIlS 

9*  Ftoa  Cp  data,  val\iea  of  entropy,  enthalpy,  and  Oibba  free 
energy  of  polyaethyl  aethacrylate  and  aethyl  aethaczylate  have  been 
calculated  at  ten  degree  increaenta  by  nuaerlcal  integration  and 
are  preeented  in  Tkblea  1  and  2  and  in  Figure  3*  The  valuea  were 
obtained  by  evaluating  the  thexaodynaaie  relatione 

^  (1) 


2 


NOLTR  62*96 


('t  -  'o*K>  f  (  Sr  -  W(3) 

vhere  (g^.  -  ®0-K>’  <*T  •  -  Fq«|^)  entropy,  enthalpy, 

and  Glhhe  free  energy  relative  to  absolute  zero. 

10.  Since  polyaethyl  aethacrylate  ie  an  amoxphous  polyaer  It  suet 
be  aesximed  that  there  will  he  residual  entx'pi^  at  absolute  zero.  Vhile 
there  Is  some  evidence  that  this  resldxial  entropy  will  be  small  (ref. 

(n)).  Its  aagnlttide  is  unknown. 

11.  At  260*K  the  entropy  of  polymethyl  methacrylate  was  found  to  be 

0.5575  deg.  53-75  cal/^j^  Entropy  of  methyl  methacrylate 

at  210*K  was  found  to  be  O.3788  cal/^,  or  37-88  cal/jjQjjg  and 

at  210*K  the  entropy  of  polymex*lzatlon  was  fotmd  by  difference  to  be 
9-65  cal^moXe  deg.  the  enthalpy  of  polymethyl  methacrylate 

was  found  to  be  ItO.U  cal/gp,.  and  that  of  methyl  methacrylate  at  210*K 
vas  57-50  cal^gii.  Ihe  Olbbs  free  energy  of  polymethyl  methacrylate  at 

260*K  was  found  to  be  -^5-95  cal/g^  and  for  methyl  methacrylate  at 

210*K  -1*0. 15  cal/  ' 

/gm- 

12.  Ibe  free  ener^  of  polymerization,  /^F,  Is  calculated  at  210*K 
by  means  of  Equation  (U). 

AP  ■  -  TOS  (4) 

Where  ^  Is  the  heat  of  polymerization  of  IMA,  15-6  Kcal/jiole  (o)) 

and  is  the  entropy  of  polymerization,  -9-6  cal/nole  deg. 

energy  of  polymerization  Is  thus  found  to  be  -11.8  Kcal^^j^  at  210*K. 

'nils  £i!f  value  swy  be  slightly  high  since  the  was  determined  at  500*K. 
The  corresponding  value  for  styrene  is  -9-4  Kcal^gi^je  at  500*K.  niese 

values  can  be  coegiared  with  the  ^  value  of  -14.5  Real /mpig  which  has 

been  calculated  by  Dalnton,  et  al.  (ref.  (p))  for  the  polymerlzatlcm  of 
5, 5  bla(chlorometi]yl)  oxacyclobutane. 

15.  Plots  of  the  thermodynamic  functions  vs.  temperature  for  the 
polymer  are  shown  In  Figure  5-  These  functions  change  with  temperature 
in  a  manner  very  similar  to  those  of  polystyrene  (ref.  (c))  end  poly¬ 
ethylene  (ref.  (d)). 
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THE  POICnOR  Cp/^  VS.  T  FDR  POLIMBTHYL  NEIBACRyLATE 

lU.  aidth  and  Dole  (ref.  (q))  have  pointed  out  that  the  function 
Cp/t  vs.  T  Is  a  constant  If  the  specific  heat  rises  linearly  vlth  T 
from  a  zero  value  at  absolute  zero.  The  function  Cp^ip  aeasures  the 
rate  at  %diich  the  entjropy  Increases  with  temperatxure  or 


Dole  and  ^Ainderlich  (ref.  (r))  have  presented  data  for  the  magnitude 
and  teaperature  dependence  of  this  function  for  a  number  of  polymers 
and  long  chain  hydrocarbons.  For  many  of  the  hydrocarbons  a  smuclmum 
value  of  the  function  is  observed  at  60*  to  70*K  vhlch,  according  to 
Dole  and  Wunderlich  (ref.  (r)).  Is  due  to  one  or  more  modes  of  vibration 
having  the  tame  frequency  dominating  at  this  temperature  range.  Warfield 
and  Petree  have  shown  that  polystyrene  (ref.  (c)),  polyethylene  (ref.  (d)), 
polyvinyl  alcohol  (ref.  (e)),  and  polytetrafluoroethylene  (ref.  (d)) 
exhibit  Biaxlma  at  temperatures  below  100*K. 

1^.  A  plot  of  Cp/m  vs.  T  for  polymethyl  smthacrylate  is  shown  in 
Figure  U.  Data  for  polystyrene  are  included  for  puiposes  of  comparison. 

It  will  be  noted  that  polysmthyl  methacrylate  exhibits  a  maximum  valxie 
of  this  function  between  70*  and  100*K  and  that  at  higher  temperatures 
the  magnitude  of  the  function  decreases.  These  maximum  values  of  the  QP/m 
vs.  T  function  are  probably  due  to  interactions  between  chains  which 
can  best  be  described  by  a  three-dimensional  Debye  contlnutxs  of  acoustic 
frequencies  (ref.  (l)). 


YIBRATHIO  WITS  PER  RElEATlIfO  UUT  OR  FOLIMBTHTL  METHACRYLATE 

16.  Baaed  tqpon  a  number  of  assumptions,  Dole  (ref.  (s))  was 
able  to  calculate  the  beat  capacity  per  vibrating  unit  of  polyethylene. 
Employing  the  same  assumptions  it  is  possible  to  estimate  the  nui^r 
of  classically  vibrating  units  at  260*K  in  the  FIMA  repeating  unit 
-C(CH3)  (C00CH3)CH2-.  Three  assumptions  are  employed.  The  first  is 
that  the  force  constant  of  the  C-H  bond  is  so  great  that  the  methyl 
and  methylene  groups  will  vibrate  as  a  single  unit;  the  second  is 
that  every  gromP  in  the  chain  can  vibrate  harmonically  with  two  degrees 
of  freedom  along  mutually  perpendicular  axes  transverse  to  the  cain 
direction,  and  thirdly  that  longitudinal  or  stretching  vibrations  are 
negligible  at  260*K.  If  each  vibrating  unit  vibrates  with  two  degrees 
of  freedom,  the  expected  specific  heat  would  be  2R  or  3*97  c*^/dsg.  mole 
per  vibrating  unit.  However,  these  considerations  apply  to  Cy,  not  Cp. 
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17>  Ite  nximber  of  vibrating  units  per  repeating  unit  is  found  by 
dividing  Cy,  the  heat  capacity  at  constant  volxsie,  by  2R«  Cy  can  be 
calculated  by  wans  of  Eq\iatlon  (6). 

r  1  I 


Cy  ■  Cp 


1  + 

CpJ 


(6) 


Whew  Cp  is  the  observed  heat  capacity  of  FMAA  at  260*K,  O.267  c*^/d«g.  ^ 

or  26.7  deg  '  ^  soxmd  velocity,  2320  (ref.  (t));  d 

Is  the  cubic  coefficient  of  expansion,  2.06  x  10'^  per  deg  (ref.  (u));  and 
J  la  the  wchanlcal  equivalent  of  heat,  1^.184  x  10*7  ®^8/cal*  Cy  is  found 
to  be  0.253  cal/deg.  gm.  o**  25-3  c^^l/nole  deg.  Cp  -  Cy  Is  O.OlU  Cal/^ 

Based  \xpoa  these  values  the  number  of  vibrating  xmlts  per  repeating 
unit  of  PIftA  at  260*K  Is  6.38. 


cowcmsiOBs 

18.  Considerations  of  data  presented  In  this  report  have  led  to  the 
following  conclusions: 

a.  The  low  tenqperature  specific  heat  of  polynethyl  wthacrylate 
and  polys'^rene  eodilblt  small  but  significant  differences  idilch  can  be 
attributed  to  the  motion  of  i>endent  side  groiqps. 

b.  Cp  -  Cy  for  polywthyl  wthacrylate  at  260*K  Is  0.014  caly^g,  ^ 

c.  nie  number  of  vibrating  units  per  repeating  unit  of  FMtA  Is 
calculated  to  be  6.38. 


RECOtt<HIDA!nOBS 


19«  It  Ir  ecOBiwnded  that  calorlwtrlc  wasurewnts  be  made  to 
obtain  lov  teiqperature  specific  heats  of  many  of  the  coasam  moncsMrs 
and  polywrs.  Data  of  this  type  vovild  permit  calculation  of  the 
entropy,  enthalpy,  and  free  energy  of  these  systems  and  the  changes  in 
thew  values  due  to  polywrlzatlon.  A  complete  thermodynamic  investi¬ 
gation  of  the  factors  that  make  up  the  observed  specific  heat  over  a 
broad  temperature  range  would  be  of  great  laportance  toward  a  more 
coBplete  understanding  of  the  structure  and  internal  motion  of  a  polywr. 
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TABLE  1 


SPECIFIC  HEAT,  ENTROPY,  HfTHAIPY, 

AND  GIBBS  FREE  ENERGY  07  METNIL  METHACRYLATE 


Temperature 

•K 

Specific  Heat,  Cp^^^ 
cal/deg.  gm. 

St  -  So*K 
cal/deg. gm. 

ced/gB. 

-{Kr  -»oTc 

cal/gm. 

10 

(0.004) 

0.0021 

0.013 

0.002 

20 

(0.027) 

0.0153 

0.133 

0.097 

30 

(0.059) 

0.0372 

0.562 

0.3^ 

1»0 

(0.084) 

0.0616 

1.288 

0.868 

50 

(0.103) 

0.0856 

2.242 

1.610 

60 

0.118 

0.1079 

3.352 

2.582 

70 

0.142 

0.1298 

4.662 

5.775 

80 

0.157 

0.1512 

6.162 

5.178 

90 

0.170 

0.1717 

7.802 

6.792 

100 

0.181 

0.1912 

9.552 

8.162 

110 

0.191 

0.2097 

11.40 

10.62 

120 

0.204 

0.2276 

13.37 

12.80 

150 

0.217 

0.2452 

15.48 

15.17 

140 

0.230 

0.2624 

17.71 

17.71 

150 

0.244 

0.2793 

20.08 

20.42 

160 

0.256 

0.2960 

22.58 

25.30 

170 

0.269 

0.  3124 

25.20 

26. 5I* 

180 

0.285 

0.3267 

27.97 

29.55 

190 

0.305 

0.31*51 

30.92 

52.92 

200 

0.328 

0.3617 

34.08 

36.45 

210 

0.358 

0.3788 

37.50 

40.15 

(1)  Data  of  Soehava  (60*  to  210*K) 
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TABLE  2 


SPEanC  HEAT,  BITROFY,  BRTHAZPY, 

AND  GIBBS  FREE  ENERGY  OF  FOLIMETEYL  METHACRYLATE 


Tenperature 

•K 

specific  Heat, 
cal/deg.  gm. 

cal/deg.sn. 

V®0*K 

cal/gm. 

-<V'0Tc) 

cal/gn. 

10 

(0.010) 

0.0112 

0.070 

0.010 

20 

0.019 

0.0246 

0.190 

0.179 

50 

0.035 

0.0384 

0.460 

0.500 

Uo 

0.051 

0.0529 

0.890 

0.962 

50 

0.066 

0.0675 

1.470 

1.568 

60 

0.083 

0.0823 

2.210 

2.316 

TO 

0.098 

0.0977 

3.130 

3.220 

80 

0.112 

0.1127 

4.180 

4.272 

90 

0.126 

0.1277 

5.380 

5.474 

100 

0.139 

0.1425 

6.710 

6.828 

no 

0.149 

0.1569 

8.150 

8.324 

120 

0.158 

0.1708 

9.680 

9.962 

130 

0.166 

0.1843 

11.50 

11.74 

140 

0.176 

0.1975 

13.02 

13.64 

150 

0.186 

0.2104 

14.83 

15.68 

160 

0.194 

0.2231 

16.73 

17.85 

170 

0.202 

0.2356 

18.72 

20.15 

180 

0.210 

0.2478 

20.79 

22.58 

190 

0.218 

0.2597 

22.93 

25.11 

200 

0.226 

0.2709 

25.15 

27.68 

210 

0.235 

0.2825 

27.47 

50.44 

220 

0.244 

0.2939 

29.86 

33.33 

230 

0.250 

0.3051 

52.54 

36.31 

240 

0.255 

0. 3161 

34.87 

39.41 

250 

0.262 

0.3269 

37.46 

42.63 

260 

0.267 

0.5375 

40.11 

45.95 

(1)  Data  of 

Sochava  (16*  to  260*K 
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SPECIFIC  HEAT,  (CAL/ 0^(5  ) 


SPECIFIC  HEAT,  (CAL/qeg  GM. 


NOLTR  62-98 


FIG  2  LOW  TEMPERATURE  SPECIFIC  HEAT  OF 

POLYSTYRENE  AND  POLYMETHYL  METHACRYLATE. 


FREE  ENERGY,  CAL/gm]  ENTROPY  [Sjo-Sqok,  CAL/gm  “K] 


NOLTR  62-98 


ENTHALPY,  [Hjo -Hqok, CAL/gm] 


Cn/T  (CAL/MOLE  DEG  X  10'') 
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FIG.  4  SPECIFIC  HEAT  FUNCTION  Cp/T  VS 

T  FOR  POLYMETHYL  METHACRYLATE 
AND  POLYSTYRENE 
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